To fabricate nanofibers with reproducible characteristics, an important demand for many applications, the effect of controlled atmospheric conditions on resulting electrospun cellulose acetate (CA) nanofibers was evaluated for temperature ranging 17.5 -35°C and relative humidity ranging 20% -70%. With the potential application of nanofibers in many industries, especially membrane and filter fabrication, their reproducible production must be established to ensure commercially viability. Cellulose acetate (CA) solution (0.2 g/ml) in a solvent mixture of acetone/DMF/ethanol (2:2:1) was electrospun into nonwoven fibre mesh with the fibre diameter ranging from 150nm to 1µm. The resulting nanofibers were observed and analyzed by scanning electron microscopy (SEM), showing a correlation of reducing average fibre diameter with increasing atmospheric temperature. A less pronounced correlation was seen with changes in relative humidity regarding fibre diameter, though it was shown that increased humidity reduced the effect of fibre beading yielding a more consistent, and therefore better quality of fibre fabrication. Differential scanning calorimetry (DSC) studies observed lower melt enthalpies for finer CA nanofibers in the first heating cycle confirming the results gained from SEM analysis. From the conditions that were explored in this study the temperature and humidity that gave the most suitable fibre mats for a membrane purpose were 25.0°C and 50%RH due to the highest level of fibre diameter uniformity, the lowest level of beading while maintaining a low fibre diameter for increased surface area and increased pore size homogeneity. This study has highlighted the requirement to control the atmospheric conditions during the electrospinning process in order to fabricate reproducible fibre mats.
INTRODUCTION
The first significant report of electrospinning to produce polymer fibres came in 1934 when a patent by A. Formhals was issued which described electrospinning as a process for forming textile fibres [1] . To date applications of nanofibers have included textiles, medical materials, filtration devices, bioengineering materials, and even energy cells [2] [3] [4] [5] . In the medical sector nanofibers have been used to produce artificial organ components, implant material, tissue replacement and wound dressing [6] [7] [8] .
The electrospinning process is a technique based on the use of an electrical charge to draw fibres from a polymer-solvent solution. The basic laboratory setup consists of a spinneret (micro needle) connected to a high-voltage (5-30Kv) power supply, a syringe pump, and a grounded collector plate. The polymer solution is extruded from the needle tip at a constant rate by the syringe pump, forming a droplet. The voltage applied causes the droplet to stretch into a Taylor cone. If the molecular cohesion of the material is sufficiently high, stream breakup does not occur (if it does, droplets are electrosprayed) and a charged liquid jet is formed. The jet is then elongated by a whipping process caused by electrostatic repulsion initiated at small bends in the fibre stretching it to nanometer-scale before being deposited on the grounded collector. The solvent must evaporate for the polymer to solidify forming a fibre [9] [10] [11] . When a sufficient electrical charge is applied the body of the polymer-solvent solution becomes charged. As the electrostatic forces overcome the surface tension a Taylor cone is formed. A thin cylindrical jet emanates from the droplet surface extending towards the direction of the electric field. Elongation along this axis continues until electrical bending instability occurs. Here the mode of current flow changes from ohmic to convective as the charge migrates to the surface of the fibre. This causes the jet to quickly bend through 90° leading into a series of loops under rapid acceleration. This 'whipping' process is responsible for nanometer scale reduction in fibre diameter.
As the application of nanofibers grows through a multitude of industries where reproducibility of product is either expected or required by validation (the exercise of proving with documented evidence any claims regarding the performance of a device, unit operation or product) and regulation [12] [13] [14] [15] [16] . Indeed all products should be sold with relevant documentation stating the product specification. This requires rigorous quality assurance testing of which reproducibility will be a key part. Therefore in order to assure nanofiber use is accessible and applicable for many markets the ability to control the production must be established. This work is particularly relevant to membrane operations which are commonly limited by poor membrane pore size uniformity and axial & radial diffusion which results in poor system dispersion yielding low utilisation of membrane capacity [17, 18] . Previous studies have highlight the importance of designing a membrane with regards to the proposed system and operating conditions, optimizing the membrane pore size by balancing mass transfer against and fouling issues [19] [20] [21] .
Numerous parameters act on the electrospinning process which affects the resulting nanofiber characteristics. Due to the difficulty of precisely controlling the large number parameters the reproducible production of nanofibers becomes problematical which is an issue for the use and development of nanofibers in industries such as biotechnology & health care. These parameters can be split up into three subcategories:
Polymer solution parameters involving rheological and chemical properties of solutions. Processing conditions which include applied voltage, flowrate, spinneret & collector properties. Ambient parameters where atmospheric conditions interact with the system to affect fibre morphology.
Varying any of these parameters even by small amounts can have a large effect on the structure of fibres produced; this enables the formation of fibres with defined features such as fibre diameter, flat ribbon or cylindrical fibres, level of fibre surface porosity and bead formation. Depending on the intended application these properties have the potential to be selected and specifically expressed. For example thinner fibres may be preferred due to the larger surface area that they convey but with small diameter comes an inherent reduction in fibre strength. Aligned and random fibre mats can be formed by changing the collector plate and by manipulating the external electric field. Collecting on a non flat or porous surface can be beneficial as it allows for faster drying of the deposited fibres reducing the moulding together effect which can deteriorate fibre properties. This is particularly applicable for aqueous polymer solutions due to the lower volatility in comparison to other solvents commonly associated with electrospinning. However it was noted that collection on a smooth surface may result in a more densely packed fibre structure due to the wicking and diffusion of the residual solvent molecules allowing the fibres to be pulled together while conducting away residual charges [22] . Moving collectors are often used for the fabrication of aligned fibres but can also be useful for use with a system where the solvent has a high boiling point as this increases the rate of evaporation [23] . Ribbon or flattened fibres can be formed by a mechanism relating to the solvent evaporation rate during the electrospinning. Should the polymersolvent system be at such a state where a thin polymer skin forms on the liquid jet surface as a result of hyper solvent volatility the liquid core can succumb to the atmospheric pressure allowing the fibres to collapse in on themselves at the same time as complete solvent evaporation resulting in flattened fibre formation [24] . Koski et al, (2004) observed that higher molecular weight polymer-solvent systems of poly(vinyl alcohol) in water produced ribbon like fibres [25] .
In the current literature which covers nanofiber production it has typically been the polymer solution parameters and processing conditions which have been investigated. However in order to control the process further, thereby improving the reproducibility of the resulting fibre morphology, this report investigates the effect of the electrospinning environment by controlling air temperature and humidity. The system chosen here is the electrospinning of reproducible cellulose acetate nonwoven nanofiber mats using three different temperatures and relative humidities in a controlled environment cabinet to evaluate the effect on the resulting average nanofiber diameter by SEM and the corresponding thermal properties of the nanofibers by DSC. The polymer solution parameters and processing conditions remain fixed for the entire investigation.
EXPERIMENTAL

Materials
Cellulose acetate (CA, Mr = 29,000, 40% acetyl groups) solution (0.20 g/ml) in acetone/ dimethylformamide/ethanol (2:2:1) was electrospun to obtain CA nanofiber nonwoven membranes. All materials were bought from Sigma-Aldrich (Sigma-Aldrich Company Ltd. Dorset, UK) and used without further purification.
Electrospinning process
The process was carried out in a ClimateZone climate control cabinet (a1-safetech Luton, UK) which allows the process to be performed under controlled atmospheric conditions. The temperature and relative humidity (RH) were selected and kept constant throughout each electrospinning event from a temperature range: 17°C to 35°C (resolution of 0.1°C), and a humidity range: 20%RH to 80%RH (resolution of 1%RH). 5mL polymer solution loaded into a sterile syringe and attach to a Harvard PHD 4400 syringe pump (Harvard Apparatus Ltd. Kent, UK), with a programmable flow rate range from 0.0001 µL/h up to 13.25 L/ h, to deliver the polymer solution to a 0.5mm ID stainless steel micro needle. The pump is set at a flowrate of 800µL/h. The tip of the needle was placed 30 cm above the grounded collector plate. The collector plate used was a rectangular (20 x 26 cm) aluminium foil covered earth steel plate. The process was run for 1 hour. These conditions were selected based on preliminary experiments and are known to yield solid dry nanofibers with diameters from 0.1µm -1µm. Samples for the defined parameters were electrospun on 3 different days allowing for the comparison of fibre consistency.
Scanning electron microscopy (SEM)
Complete drying of the fibres was allowed before characterising using scanning electron microscopy. Nonwoven fibre mats were analyzed with 20 individual measurements of nanofiber diameters taken from 3 SEM images. This was repeated for 3 different cuttings from a single electrospun fibre mat fabricated under a single set of constant conditions to calculate the average nanofiber diameter and standard deviation. The total number of samples imaged by the SEM was 81 (27 samples with 3 cuttings each) which generated a data total of 1620 fibre diameter measurments. The SEM used was a Hitachi TM-1000 Tabletop microscope (Hitachi High-Technologies Europe Gmbh).
Differential scanning calorimetry (DSC)
Thermal properties of the fibres were evaluated by a Netzsch DSC 200 F3 Maia (NETZSCH-Gerätebau GmbH, Selb, Germany) at a rate of 10°C/min heating 25°C to 260°C in a nitrogen atmosphere. 10 Samples of nanofibers were measured consisting of 1 sample from each of the 9 possible combinations of temperature and humidity conditions and one sample of cellulose acetate powder. The melt enthalpy values were calculated by taking the integral of the melt temperature curve using the DSC software.
RESULTS AND DISCUSSION
The results are taken from the electrospun nanofibers that were fabricated under the specified parameter conditions. As shown by the matrix below there was an array of 9 combinations of controlled parameters in total with the use of 3 controlled temperatures (17.5°C, 25.0°C, 32.5°C) and 3 controlled humidities (20%RH, 50%RH, 70%RH). This was chosen to provide data across the capabilities of the equipment allowing for the optimal analysis with the fewest number of experiments. The distribution of the data is displayed in the histogram above and is typical throughout. The data does not fit a Gaussian function however normal means have been calculated to determine average fibre diameters which could then be plotted. It is also worth noting that the standard deviation error calculated is based on a normal distribution and is used is subsequent graph analyses.
Fibre diameter and surface characteristics
The change in average fibre diameter for the variable ranges was larger than the values reported by MitUppatham et al, (2004) but this is unsurprising since a different polymer solvent system was employed here [26] . The results showed that the fibre diameter decreases with increasing temperature. Using the 20%RH as a constant variable the fibre diameter decreased from 360nm to 284nm for process temperatures 17.5°C and 32.5°C respectively. The rate of change in fibre diameter caused by temperature change was not independent of humidity as shown by the percentage increase in fibre diameter of 31.2% & 11.0% for humidity conditions 20%RH and 70%RH respectively. The average of the entire data showed an increase in fibre diameter of 1.29% per 1°C. This effect is due to the fact that at increased temperature the viscosity of the polymer-solvent solution is reduced. The lower viscosity allows the columbic forces to increase stretching giving finer fibres. MitUppatham et al, (2004) demonstrated that an increase in temperature caused the decrease of solution viscosity, surface tension & conductivity, and resulting polyamide-6 fibre diameter [26] . Increasing temperature also increases evaporation rate, this in conjunction with greater solubility allows for more even stretching and the deposition of more uniform fibre. This was observed by Demir et al, (2002) in their study of parameters affecting the electrospinning of polyurethane fibres [27] .
The results showed that the fibre diameter increases with increasing humidity. Using the 25°C samples as a constant variable the average fibre diameter increased from 300nm to 352nm for process humidity 20% RH and 70% RH respectively. Here the average change in fibre diameter was 0.30% per 1%RH. These observed effects are most likely due to the increased rate of evaporation at low humidity levels. This can lead to the formation of finer fibres but if this effect is too great then needle clogging can occur. Conversely if the relative humidity is too high the deposition of wet fibres can occur causing them to fuse together before drying. These occurrences explained by Baumgarten, (1971) affect the fibre diameter but perhaps the more interesting effect from the humidity is that to the fibre surface roughness or porosity [28] . The correlation observed could also be due to a less dense fibre being formed at a higher humidity. If the extent of charge repulsion during the whipping stage of electrospinning is constant for different humidities and fibre density varies, due to fibre surface porosity, then this would correspond to a change in fibre diameter. At sufficient atmospheric humidity water condenses on the surface of the fibre during electrospinning. If a volatile solvent is being used, pores form when both the water and solvent evaporate. With increasing humidity, pore size increases until they coalesce to form large non-uniform pores. Casper et al, (2004) showed that electrospinning polystyrene at a relative humidity of 31-38% was enough to see the formation of fibre surface pores. They also showed that surface pores of size increased with %RH, seeing an average pore size of 85nm at 31-38% and 135nm at 66-72%RH [29] . Bognitzki et al, (2001) reported that using a solvent with a lower vapour pressure reduced the formation of pores on PLLA porous nanofibers [30] . Megelski et al, (2002) observed the same effect of reduced pore formation with decreasing vapour pressure using the example of polystyrene and varying ratio THF/DMF solvent mixtures [31] . As the ratio of the less volatile DMF increases, therefore reducing the vapour pressure, surface roughness or microtexture decreased until 100% DMF where smooth fibres are formed.
Many of the lower relative humidity samples contained a beaded fibre system which often meant having to exclude fibres measured over 1µm from the data represented. It also yielded a large error due to some partially formed beads represented as thicker sections of fibre.
Consistency and reproducibility
One of the main focus points of this work was to establish the reproducible fabrication of nanofibers using a controlled environment. Even taking into account the bead formation issues that occur with electrospinning cellulose acetate the consistency of average fibre diameter from samples electrospun on different days can be seen throughout the sample range.
The greatest difference in average fibre diameter between samples was 27.3nm which corresponded to 7.5% difference. The average difference however was 4.3% which is perfectly respectable considering the variety of fibre characteristics produced in this polymer-solvent system. The distribution of data over the three separate days was consistent and therefore this was deemed sufficient to prove the reproducibility within a margin of average difference in fibre diameter. 
Beading
The extent of beading was determined by analysis of 27 SEM images from the 9 sample array of controlled conditions. The average amount of beading across the samples for the 3 different days was calculated and used. The SEM image matrix below shows that the polymer-solvent system in this case was in a state near to or actually producing a beaded fibre structure.
The most uniform fibres, and the ones with the least amount of beading where those that were electrospun at high humidity and high temperature. High relative humidity appeared to be the dominant process variable in the goal for homogeneity as the images below suggest. Fig 8. Graph observing the consistency in average amount of beading using a controlled environment. Fibre diameters above 1 µm were counted as a single bead. Bead counts were done using 2500x SEM images with the averages from each day plotted. Beading is expressed in percentage terms: number of beaded fibres vs. total number of fibres in the SEM image.
It was interesting to note the effects of the increased humidity, and to a lesser extent temperature, with relation to the formation of beads. This could have been due to the reduced rate in evaporation caused by the more humid atmosphere which allows for greater stability of the chain entanglements due to increased flight time. The reduced beading effect allowed for an improvement in homogeneity of fibres produced which can be seen as an advantage in the effort of fabricating reproducible fibres. The reduced beading effect with increase in temperature was less pronounced but none-the-less was observed and could have been caused by the reduced viscosity of the polymer solution allowing for a more even stretching due to the more dominant effects of the columbic forces [32] . This effect is not as noticeable due to the converse effect of the increased surface tension at increased temperatures. Surface tension can be a common cause of bead formation in electrospinning. Where there is a high concentration of free solvent molecules there is a tendency for them to congregate adopting a spherical shape giving rise to the bead formation. The use of low surface tension solvents such as ethanol encourages smooth fibres formation as does adding surfactants to the solution to reduce surface tension [33] .
The increased beading effect displayed with decreasing humidity could also be due to the polymer-solvent solution droplet drying at the tip of the micro-needle. With reduced humidity the evaporation of the volatile solvent mixture occurs at such a rate that the polymer begins to dry before it is broken up into fibre jets. This causes pulses of fibre jets leading to the formation of polymer beads along the fibres formed. Zong et al, (2002) noted a similar effect due to the use of a polymer solution too high in concentration [34] .
Thermal properties
To confirm the findings from fibre diameter studies DSC was used to explore the thermal properties of nanofibers fabricated under different atmospheric conditions. DSC was used to measure the energy required (mW/mg) to heat each nanofiber sample over a temperature range from 25°C to 260°C for 9 samples corresponding to each of the controlled parameter conditions. Melt enthalpy values were determined by taking the integral of the melting temperature curve from the thermograms. As the fibre diameter decreased so did the melt enthalpy which was expressed by a broad low endothermic peak. The atmospheric conditions that yielded the largest fibres (17.5°C, 70%RH: 385nm) yielded the largest melt enthalpy of 12.07J/g, this is in comparison to the 4.47J/g yielded by the finest fibres (32.5°C, 20%RH: 276nm). These observations suggest decreased crystallinity and a less ordered molecular structure with decreasing fibre diameter. demonstrated a similar effect by using DSC to show higher molecular weight PVA shifted the T m from 224.7°C to 232.7°C due to the effectively increased crystalline structure [35] . There was also some indication that finer fibres had a higher melting temperature (T m ) though this was not observed in every case. T m ranged from 227.6°C to 229.4°C for fibres produced under atmospheric conditions (17.5°C, 50%RH) & (25.0°C, 20%RH) respectively.
The glass transition temperature (T g ) was not obvious but the thermograms showed a small feature before the main melting peak at around 194°C which is likely to correspond to the bond breaking and irreversible plastic deformation occurrences at this point.
The powder form of cellulose acetate was also investigated using DSC and yielded to smaller peaks at 230°C and 242°C. The melt enthalpy was not measurable here suggesting that the nanofiber structures confer a higher degree of order than the powder form. Zong et al, 2002 used DSC to show that PLLA polymer had a crystallinity degree of 36% where as PLLA nanofibers exhibited a much lower value. XRD results supported that although the polymer chains were non-crystalline in nanofiber form, they are highly orientated. This suggests that nanofibers do confer a high degree of order of polymer chains though their crystallinity is not high [36] .
CONCLUSIONS
Cellulose acetate nanofibers were electrospun under a controlled atmospheric environment to establish the impact upon the reproducibility of fabrication. The effects of process temperature and process humidity on the resulting fibre morphology were investigated. The results obtained from SEM indicated the expected correlation of decreasing average fibre diameter with increasing process temperature. For this polymer-solvent system the average fibre diameter decreased from 360nm to 284nm for process temperatures 17.5°C and 32.5°C respectively. A correlation was also observed whereby the fibre diameter increased with increasing humidity. The fibre diameter increased from 300nm to 352nm for process humidity 20% RH and 70% RH respectively. In addition, the relative humidity levels during the electrospinning process appeared to be the dominant factor in determining the level of bead formation. This is most likely due to the effective rate of evaporation which determines the stability of the chain entanglements due to flight time. This unexpected but notable observation has given new possibility for the controlling of beading nanofiber systems and has highlighted the importance of controlling atmospheric conditions during the electrospinning process. This is particularly relevant to the membrane industry where beading would result in a poor quality of membrane structure.
The atmospheric conditions for nanofiber production in this study which yield the most suitable fibre mats for a membrane purpose are 25.0°C and 50%RH due to the highest level of fibre diameter uniformity, the lowest level of beading while maintaining a low fibre diameter for increased surface area and increased pore size homogeneity.
The DSC results support the fibre diameter studies done here and in conjunction provide strong evidence to the claims made in this study, most important of which is the need to control all parameters involved in the electrospinning process.
